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An intense negative hydrogen ion source has been developed, which has a strong external magnetic 
titer field in the wide area of 35 cmX62 cm produced by a pair of permanent magnet rows located 
at 35.4 cm separation. The filter strength is 70 G in the center and the line-integrated filter strength 
is 850 G cm, which keeps the low electron temperature in the extraction region. Strong cusp 
magnetic field, 1.8 kG on the chamber surface, is generated for improvement of the plasma 
confinement. These resulted in the high arc efficiency at the low operational gas pressure. 16.2 A of 
H- ion current with the energy of 47 keV was obtained at the arc efficiency of 0.1 AlkW at the gas 
pressure of 3.8 mTorr in the cesium-mode operation. The magnetic field in the extraction gap is also 
strong, 450 G, for the electron suppression. The ratio of the extraction current to the negative ion 
current was less than 2.2 at the gas pressure of 3 mTorr. The two-stage acceleration was tested, and 
13.6 A of H- ion beam was accelerated to 125 keV. 
1. INTRODUCTION 
In the next step fusion experimental devices such as 
ITER, the negative-ion-based NBI system are required, be- 
cause the neutralization efficiency of negative ions remains 
high at the injection energy of more than several hundreds of 
keV. The volume-production negative ion sources have been 
successfully developed in this decade for this future NBI 
system.‘-lo Moreover, the great enhancement of negative 
ions was observed in supplying a small amount of cesium in 
the volume-production source.r1~r2 Since then more than sev- 
eral amperes of negative ions have been obtained in large 
bucket ion sources.13-16 
In the Large Helical Device (LHD) project,17 a 125 keV 
(H)/250 keV (D)-20 MW negative-ion-based NBI system is 
proposed as a main heating device.‘* For this system a 125 
keV-45 A of negative hydrogen ion beam should be pro- 
duced in a large negative ion source with the grid area of 25 
cmX150 cm. We have already obtained 16 A of negative ion 
current in the rod-filter type l/3-scaled ion source, which 
has dimensions of l/3 of the negative ion source required for 
the LHD-NBI system.r9 However, the arc efficiency is not 
so high, 0.06 A&W, and the operational gas pressure is still 
high, 7 mTorr. The low gas pressure operation is quite im- 
portant for the reduction of the stripping loss of the H- ions. 
In general the rod-filter type source is inferior on the source 
efficiency such as the arc and the gas efficiencies, because 
there is a large plasma loss area on the rod surface placed 
inside the arc chamber and the rod itself makes a shadow on 
the plasma grid. On the other hand, the external-filter type 
source2o and the plasma grid (PG)-filter type source’ have 
potential advantages for the efficient negative ion production 
due to the absence of additional solid surface immersed in 
the plasma.“’ However, the PG-filter type source requires an 
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additional power supply for the grid current. Although the 
external-filter type source has produced 10 A of H- ions with 
the relatively narrow grid width of 15 cm,13 it is important to 
investigate whether the high source efficien,cy is achieved in 
an external-titer type source with the strong magnetic fiber 
field generated in a wider grid area. 
We have developed an external-filter type l/3-scaled 
negative ion source in order to produce high current negative 
ions with high arc and gas efficiencies. In this ion source a 
strong external magnetic filter field is generated in a large 
area inside the arc chamber with the cross section of 35 
cmX62 cm. A strong cusp magnetic field for improvement of 
plasma confinement should also be effective to achieve the 
high source efficiency.” Moreover, the magnetic field for the 
electron suppression is strong for reduction of the electron 
current ratio in a beam. In this paper the structure of the ion 
source and the experimental results are described in detail. 
II. STRUCTURE OF ION SOURCE 
Construction of a l/3-scaled external-filter type negative 
hydrogen ion source is shown schematically in Fig. 1. The 
ion source has the same width and l/3 of the vertical length 
of the ion source designed for the LHD-NBI system. The 
dimensions of the arc chamber are 30 cmX62 cm in cross 
section and 20.6 cm in depth. The strong line cusp magnetic 
fields for the plasma confinement, more than 1.8 kG, are 
generated on the arc chamber surface with Sm-Co type rare- 
earth magnets. The external magnetic filter field is produced 
in front of the plasma grid by a pair of permanent magnet 
rows which face each other with the distance of 35.4 cm. The 
permanent magnet row is 745 mm in length, 10 mm in thick- 
ness, and 60 mm in width in magnetization direction, and is 
composed of small Nd-Fe-B type rare-earth magnets (45 or 
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FIG. 1. Schematic diagram of the l/3-scaled external-filter type negative hydrogen ion source. 
50 mm in length, 10 mm in thickness, and 30 mm in width in. 
the magnetization direction). The Nd-Fe-B type rare-earth 
magnets used produce a strong magnetic field-the residual 
magnetic flux density is 1.3 T and the maximum energy 
product is 380 kJ/m3. Figures 2(a) and 2(b) show the mag- 
netic field strength along the axial direction (Z direction in 
Fig. 1) and the magnetic field direction (X direction), respec- 
tively. It is found that the strong magnetic filter field is dis- 
tributed in a large region. The filter field strength is 70 G in 
the center and the line-integrated filter field strength is about 
850 G cm inside the arc chamber. The external magnetic 
field is distributed also in the beam extraction and accelera- 
tion region, and the integrated field strength along the beam 
axis is about 540 G cm, which could influence the negative 
ion beam trajectory. 
The negative ion extraction and acceleration system con- 
sists of four grids-plasma grid, extraction grid, electron 
suppression grid, and grounded grid. The plasma grid is 
made of molybdenum and thermally insulated for keeping 
the high grid temperature in the cesium-mode operation. 
There are 522 (18X29) apertures of 11.3 mm in diameter in 
the area of 25 cmX50 cm on the plasma grid, and the trans- 
parency is 42%. The extraction grid contains permanent 
magnets, the magnetization direction of which is parallel to 
the beam axis (2 direction in Fig. 1). The polarity of the 
permanent magnets alternately changes line by line along the 
Y direction. In this arrangement, the quadrupole magnetic 
field is generated and the field direction on the beam axis is 
the Y direction. The maximum field strength is about 450 G 
on the beam axis, which suppresses and deflects the electrons 
extracted together with the negative ions. This strong mag- 
netic field is expected to reduce the electron current ratio in 
the extracted and accelerated beam. The grid gap length for 
the beam extraction was 5 mm in most of the experimental 
results shown in this paper. The electron suppression grid has 
the same potential as the extraction grid. The acceleration 
voltage is applied to the gap between the electron suppres- 
sion grid and the grounded grid. The grid gap length for the 
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PIG. 2. Magnetic filter field strength along (a) the axial direction (Z direc- 
tion in Pig. 1) and (b) the magnetic field direction (X direction in Fig. 1). 
PG, GG, and BP indicate the plasma grid, the grounded grid and the back- 
plate of the arc chamber, respectively. 
beam acceleration was 16 mm. The accelerator has a thick 
insulator for the fifth grid which can be installed for the 
two-stage acceleration of the negative ion beam. Each beam- 
let is not focused, that is, a parallel beam. 
There are two cesium ovens attached to the sidewall of 
arc chamber. The negative ions are detected by a multichan- 
nel calorimeter array located 2.3 m downstream from the ion 
source. The calorimeter array has 15 channels in the horizon- 
tal direction and 21 channels in the vertical direction. Thus, 
the horizontal and the vertical profiles are obtained in one 
shot and the total EI- ion current is estimated using these 
profiles. The pulse length was 200-300 ms. 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Arc power dependence 
The negative ion current is much enhanced by a small 
amount of cesium supply. The cesium vapor was introduced 
into the arc chamber at a small rate during the operation, and 
the valve was closed after the cesium effect, that is, enhance- 
ment of the negative ion current was observed. Figure 3(a) 
shows the H- ion current as a function of the arc power in 
the cesium-mode operation. The gas pressure was 3.8 mTorr. 
The H- ion current increases proportionally to the arc power 
and reaches 16.2 A, corresponding to 31 mA/cm’ of the av- 
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FIG. 3. (a) H- ion current, and (b) the extraction current (open circles) and 
the acceleration current (closed triangles) as a function of the arc power. The 
gas pressure is 3.8 mTorr. 
erage current density at the plasma grid, with the energy of 
47 keV. The arc efficiency (the ratio of the H- ion current to 
the arc power) is around 0.1 A&W. The extraction drain 
current and the acceleration drain current as a function of the 
arc power are shown in Fig. 3(b). The extraction current and 
the acceleration current are also proportional to the arc 
power. The ratio of the extraction current to the H- ion cur- 
rent is around 2.2 and the ratio of the acceleration current to 
the H- ion current is around 1.7. The strong magnetic field in 
the extraction gap is effective for the reduction of the elec- 
tron current contained in a beam. 
The strong cusp and filter magnetic fields contribute to 
the high arc efficiency at the low operational gas pressure 
over the wide range of arc power. It is important to improve 
the plasma confinement for achievement of the high source 
efficiency in the cesium-mode operation. In a l/6-scaled 
negative ion source with an external magnetic filter, which 
was the former version of this ion source, the filter field 
strength was about 40 G in the center and the cusp magnetic 
field strength was about half of that in the present source. In 
this source the optimum operational gas pressure was around 
7.5 mTorr where the arc efficiency was about 0.1 A/kW.23 In 
the initial experiments of the present ion source, the filter 
field strength was 53 G in the center and the arc efficiency 
was about 0.1 A/kW at the gas pressure of 4.6 mTorr. It is 
considered that the stronger filter filed is required to keep the 
high arc efficiency at the lower operational gas pressure. 
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FIG. 4. (a) H- ion current, and (b) the ratio of the extraction current to the 
H- ion current as a function of the gas pressure for the arc power of 130 kW 
(closed circles), 100 kW (open squares), and 70 kW @pen circles). 
B. Gas pressure dependence 
The low operational gas pressure is essential to reduction 
of the stripping loss of the negative ions. Figure 4(a) shows 
the H- ion current as a function of the gas pressure. The 
parameter is the arc power. The optimum gas pressure for the 
H- ion current increases gradually as the arc power in- 
creases. Rowever, even at the gas pressure of about 3 mTorr, 
13 A of H- ion current is obtained at the arc power of 130 
kW. The ratio of the extraction current to the H- ion current 
is shown in Fig. 4(b), as a function of the ga? pressure. At 
around 3 mTorr of the gas pressure, the ratio of the extraction 
current to the H- ion current is about 2. The extracted elec- 
tron current is suppressed even at this low gas pressure. 
The gas pressure distribution along a beam axis was es- 
timated with a Monte Carlo calculation code.‘4 Figure 5 
shows the calculated gas pressure distribution along the 
beam axis for the conditions where the gas temperature is 
constant, 300 K, and the gas flow rate is 20.5 Torr///s. The 
resultant gas pressure in the arc chamber is 3 mTorr. The 
stripping loss of the negative ions along the beam axis was 
estimated and the survival negative-ion current ratio is also 
shown in Fig. 5. In the calculation the stripping of negative 
ions in collision with hydrogen molecules was considered. In 
this case the total stripping loss is about 14% at the exit of 
the grounded grid. In the calorimetrical measurement of the 
negative ion current, the contribution of negative ions de- 
stroyed by the stripping, which reach the calorimeter as neu- 
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FIG. 5. Gas pressure distribution along the beam axis estimated by the 
Monte Carlo calculation and the calculated F;urvival negative-ion current 
ratio against the stripping loss. PG, EG, SG, and GG indicate the plasma 
grid, the extraction grid, the electron suppression grid, and the grounded 
grid, respectively. 
&al atoms, should be estimated. Using the calculation results 
of the stripping loss in Fig. 5, we also calculated the total 
calorimetrically measured power which consists of the sur- 
vival negative ion power with the full energy and the nega- 
tive ion power destroyed by the stripping with the energy 
gained until being stripped, assuming that the all stripped 
negative ions reach the calorimeter as neutral atoms. The 
results indicate that the survival negative ion current with the 
full energy is 96% of the calorimetrically estimated ion cur- 
rent. The negative ion current at the plasma grid is larger 
than the calorimetrically estimated ion current by 12%, while 
the contribution of the stripped negative ions to the Cal&i- 
metrically measured power is only 4%. 
Since the calorimeter is placed 2.3 m downstream from 
the ion source,a part of the full-energy negative ions is sub- 
ject to the stripping in the transport region between the 
grounded grid and the calorimeter. The gas pressure in the 
transport region was around 3.0X lo-$ Torr when the opera- 
tional gas pressure in the arc chamber was 3 mTorr, and 
about 14% of the full-energy negative ions are neutraliied in 
collisian with hydrogen molecules. In the case of the neutral 
beam application, however, it is no problem that the full- 
energy negative ions are neutralized in the transport region, 
because the negative ions should be neutralized before the 
injection to a fusion machine. Therefore, in the above discus- 
sion on the calorimetrical measurement, the neutralization of 
the full-energy negative ions is not considered. At low ion 
energy the stripping of the negative ions in collision with 
atoms is much higher than that with molecules. Although the 
atomic fraction in the ion source is relatively high, the 
atomic fraction in the beam extraction and acceleration re- 
gion is not necessarily clear. The atomic fraction would de- 
crease rapidly in downstream sections in the accelerator due 
to the recombination of atoms on the cold grid surfaces. Con- 
sidering that the contribution of the stripped negative ions 
with a low energy to the calorimetrically measured power is 
small, the result would not be so influenced even if the strip- 
ping of the negative ions in collision with atoms was taken 
into account. 
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FIG. 6. II- ion current (closed circles), the extraction current (open circles), 
and the acceleration current (open squares) as a function of the bias voltage 
at the arc power of 130 kW. The gas pressure is 3.8 mTorr. 
C. Bias characteristics 
The bias voltage was applied to the plasma grid with 
respect to the arc chamber throughout the experiments. Fig- 
ure 6 shows the H- ion current, the extraction current, and 
the acceleration current as a function of the bias voltage at 
the arc power of 130 kW. The gas pressure is 3.8 .mTorr. The 
extraction current decreases monotonously with an increase 
in the bias voltage, while the H- ion current is nearly con- 
stant below 6 V and then gradually decreases above this bias 
voltage. The optimum.bias voltage, where the H- ion current 
is kept at a high value and the ratio of the extraction current 
to the H- ion current shows the minimum, increases as the 
arc power increases. The plasma potential near the plasma 
grid is thought to be related with the bias characteristics. The 
acceleration current is nearly constant below 4 V unlike the 
extraction current, that indicates the small leakage of the 
extracted electrons into the acceleration gap. It is thought 
that the electrons included in the accelerated beam are 
mainly the secondary electrons generated by the incident H- 
ions on the extraction grid and the electron suppression grid. 
D. Beam profiles 
The beam profiles in the horizontal and the vertical di- 
rections [the X and Y directions in Fig. 1, respectively) are 
shown in Figs. 7(a) and 7(b), respectively. The total H- ion 
current estimated from these profiles is 12.9 A with the en- 
ergy of 44’keV. The vertical profile seems to be shifted at 
about 3 cm, that is estimated from the median points of the 
profile width at each current density. The external magnetic 
filter field is applied over the beam acceleration region and 
the beam drift region as shown in Fig. 2(a). The-H-’ ion 
beam is deflected by this magnetic field, and the deflection 
angle is proportional to the line-integrated transverse mag- 
netic field. In this case, the beam deflection angle is esti- 
mated at 1.02”, and the beam would shift by 4.1 cm at the 
calorimeter array. The actual beam shift is a little smaller 
than the estimated one. It may be due to the geometrical 
accuracy in installing the ion source. As shown in Figs. 7(a) 
and 7(b), the beam uniformity is not so good. The external 
magnetic filter field is inhomogeneous in the horizontal (X) 
direction as shown in Fig. 2(b), and toward the chamber wall 
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FIG. 7. Beam profiles measured by the multichannel calorimeter array in (a) 
the horizontal direction (x direction in Fig. 1) and (b) the vertical direction 
(Y direction in Fig. 1). The estimated total H- ion cnirent is 12.9 A with the 
energy of 44 keV. 
the field strength increases rapidly. That could influence the 
beam uniformity. On the other hand, the negative ion yield is 
dependent on the plasma grid temperature in the cesium- 
mode operation.15 In this ion source the plasma grid tempera- 
ture is raised by the filament-arc discharge, and the tempera- 
ture near the grid edge is lower than that in the grid center. 
As a result, the negative ion intensity near the grid edge 
would be lower than that in the grid center. The beam uni- 
formity is important for the real NBI system and under study 
now. 
The beam profile seems to expand more in the horizontal 
direction than in the vertical direction, as shown in Figs. 7. 
The permanent magnets embedded in the extraction grid 
generate the magnetic fields on both sides of the extraction 
grid, the field direction of which is opposite to each other. 
The magnetic field on the plasma grid side distributes into 
the arc chamber. Therefore, the line-integrated transverse 
magnetic field strength along the beam axis is not zero for 
the negative ion beam, resulting in the beamlet deflection in 
the X (horizontal) direction. Moreover, the deflection direc- 
tion of the adjacent beamlets in the Y direction is opposite, 
because the magnetic field direction alternately changes line 
by line along the Y direction. The line-integrated transverse 
magnetic field strength, which the negative ion beam passes 
through, is estimated at 100-200 G cm depending on the 
negative ion extraction surface. In the case of the beam en- 
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ergy of 44 keV, the beamlets are deflected by 1.6-2.5 cm at 
the calorimeter position. Since the beamlet deflection occurs 
in both directions, it is observed as an expansion in the hori- 
zontal profile. This beamlet deflection can be compensated 
for by the aperture displacement.2?. 
E. Dependence on the extraction voltage 
The H- ion current as a function of the extraction volt- 
age is shown in Fig. 8, for the’extraction grid gap lengths of 
3 and 5 mm. The extractable H- ion current increases ac- 
cording to the 3/2-power law of the extraction voltage. The 
extractable H- ion current for the extraction grid gap length 
of 3 mm is about 1.3 times more than that for the extraction 
grid gap length of 5 mm at the same extraction voltage. The 
thickness of the plasma grid (3 mm> and the intrusion depth 
of the electric field (estimated at a third of the aperture radius 
of the extraction grid, about 2 mm) should be considered for 
the effective extraction gap length for the H- ions. The 
square ratio of the effective extraction gap lengths is 1.57, 
which is a little larger than the extractable current ratio for 
the extraction grid gap lengths of.5 and 3 mm. The space 
charge of the electrons contained . m the extracted beam is 
negligible compared with that of the extracted H- ions. The 
extractable H- currents for the grid gap lengths of 5 and 3 
mm are about 60% and about 50%, respectively, of the 
space-charge limited currents of the H- ions for the parallel 
plates. The grid gap length of 3 mm is relatively short com- 
pared with the extraction aperture diameter, so that the beam 
aberration would be larger. 
F. Two-stage acceleration 
The fifth grid was attached to the accelerator for the test 
of the two-stage acceleration of the H- ion beam. The grid 
gap length for the second acceleration was 32 mm. In the 
preliminary experiments, 13.6 A of H- ion beam was suc- 
cessfully accelerated to the beam energy of 125 keV. 
It is concluded that the results presented here enable to 
design the actual LHD-NBI system. 
ACKNOWLEDGMENT 
Theauthors would like to greatly acknowledge Professor 
A. Iiyoshi, Director-General, for his continuous encourage- 
ment and support to the development of the ion source. 
4M. Bacal, A. H. Bmneteau, and M. Nachrnan, J. Appl. Phys. 55, 15 
(1984). 
‘A. J. T. Holmes, G. Dammertz, and T. S. Green, Rev. Sci. Instmm. 56, 
1697 (1985). 
6Y. Okumura, H. Horiike, T. Inoue, T. Kurashima, S. Matsuda, Y. Ohara, 
and S. Tanaka, Proceedings of the 4th International Symposium on Pro- 
duction and Neutralization of Negative Ions and Beams, Upton, NE: 1986 
[AIP Conf. Proc. No. 158,309 (1986)]. 
7A. J. T. Holmes, L. M. Lea, A. F. Newman, and M. P. S. Nightingale, Rev. 
Sci. Instrum. 58, 223 (1987). 
‘K. N. Leung, K. W. Ehlers, C. A. Hauck, W. B. Kunkel, and A. F. Lietzke, 
Rev. Sci. Instmm. 59,453 (1988). 
‘M. Hanada, T. Inoue, H. Kojima, Y. Matsuda, Y. Ohara, Y. Okumura, K. 
Watanabe, and M. Seki, Rev. Sci. Instmm. 61, 499 (1990). 
“Y. Takeirl et al., Proceedings of the 16th Symposium on Fusion Technol- 
ogy, London, 1990 (unpublished), p. 1012. 
“S R. Walther, K. N. Leung, and W. B. Kunkel, J. Appl. Phys. 64, 3424 
(i988). 
raK. N. Leung, C. A. Hauck, W. B. Kunkel, and S. R. Walther, Rev. Sci. 
Instmm. 60, 531 (1989). 
13Y. Okumura et al., in Ref. 10, p. 1026. 
r4A. Ando et aZ., Rev. Sci. Iustmm. 63, 2683 (1992). 
t5Y. Okumura, M. Hanada, T. Inoue, H. Kojima, Y. Matsuda, Y. Ohara, M. 
Seki, and K. Watanabe, Proceedings of the 5th International Symposium 
on the Production and Neutralization of Negative Ions and Beams, 
Brookhaven, NT: 1990 [AIP Conf. Proc. No. 210, 169 (1990)]. 
r6A. Ando et al., Proceedings of the 6th International Symposium on Pro- 
duction and Neutralization of Negative Zon.?and Beams, Upton, m  1992 
[AIP Conf. Proc. No. 287, 339 (1992)]. _ 
17A. Iiyoshi, Proceedings of the 13th Symposium on Fusion Engineering, 
Knoxville, TN, 1989 (unpublished), p. 1007. 
ray. Takeiri, 0. Kaneko, F. Sano, A. Ando, Y. Oka, K. Hanatani, T. Obiki, 
and T. Kuroda, Proceedings of the First International Toki Conference on 
Plasma Physics and Controlled Nuclear Fusidf;, Toki, Japan, 1989 (unpub- 
lished), p. 272 
“A. Ando et al, Phys. Plasmas 1, 2813 (1%4). 
?” G. Dammertz and B. Piosczyk, Proceedings of the 4th International Sym- 
posium on Heating in Toroidal Plasmas, Rome, 1984 (unpublished), Vol. 
2, p. 1087. 
*lT. Inoue et al., Nucl. Instmm. Methods B 37/38, 111 (1989). 
z2T. Inoue, M. Hanada, M. Mizuno, Y. Ohara, Y. Okumura, Y. Suzuki, M. 
Tanaka, and IS. Watanabe, in Ref. 16 [AIP Conf. Proc. No. 287, 316 
U992)]. 
“K. lhurnori et aZ., Rev. Sci. Instrum. 65, 1195 (1994). 
%Y. Takelri, Y. Oka, 0. Kaneko, A. Ando, K. Tsumori, R Akiyama, T. 
Kawamoto, and T. Kuroda, Rev. Sci. Instmm. 65, 1198 (1994). 
2546 Rev. Sci. Instrum., Vol. 66, No. 3, March 1995 Negative hydrogen ion source 
Downloaded 10 Oct 2008 to 130.34.135.158. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
